ABSTRACT
pressures, or blending of the acid gas with the in-situ lean gas, can result in the formation of both liquid and vapor acid gas phases in the formation in the nearwellbore region. This can often cause very significant relative permeability effects, which may result in large reductions in injectivity of the acid gas on either a permanent or transient basis. This paper provides actual examples of such systems, as well as reviewing the design protocol that must be used to evaluate if potential phase behavior problems can occur downhole during an acid gas disposal operation. This has proven to be a key parameter in the successful evaluation of an acid gas disposal operation.

INTRODUCTION
In many acid gas injection operations, the bottomhole pressure condition is high enough that, over the entire life of the injection operation and at all possible blended compositions between the acid injection gas and the reservoir fluids, a monophasic condition is present (generally represented by operation in the 'liquid' or 'supercritical' regions of Figure 1 ). In some cases, when the initial reservoir pressure is low, initial injection commences in the 'gas' phase region, as illustrated in Figure 1 , and as pressure gradually increases, the phase condition of the fluids around the injection wells enters the two-phase region where a 'liquid' acid gas phase is in thermodynamic equilibrium with an acid gas 'vapor' phase. This may also occur when the acid gas blends with reservoir gas which may elevate the dew point pressure line upwards above the current injection pressure level, once again resulting in a condition of two-phase flow. The creation of these two immiscible phases (which have an interface and measurable interfacial tension between them) can, particularly in lower permeability formations, create significant adverse relative permeability effects which may result in large transient or permanent reductions in injectivity, possibly compromising the economics of the acid gas injection operation. Understanding the phase behavior in such situations and how it interacts with the capillary pressure and relative permeability forces present within the matrix of the proposed injection zone is essential, and it is this subject on which the case study presented in this paper concentrates. Table 1 summarizes the composition of the proposed acid gas feed for a Western Canadian field injection project. This acid gas is typical of the majority of Western Canadian acid gas compositions, but variations from location to location will obviously occur, depending on the specific ratio of carbon dioxide to hydrogen sulphide in the raw process gas being treated. Figure 2 provides a schematic illustration of the laboratory equipment used to conduct the high temperature and pressure acid gas PVT studies. Due to the highly toxic and corrosive nature of acid gases, special containment, handling and safety procedures must be used. Figures 3 and 4 provide photographic illustrations of the explosion-proof, negative pressure, remote monitored and controlled lab and PVT equipment which were used to conduct the study in a safe manner. Table 2 summarizes the experimental results of the pressure-temperature phase behavior tests that were conducted on the test acid gas given in Table 1 . The P-T data of Table 2 have been plotted and appear as Figure 5 . This figure reflects the two-phase and monophasic regions for the acid gas. The solid lines in Figure 5 are the predicted phase envelope boundaries generated via a Peng Robinson equation of state that was tuned to the measured laboratory bubble and dew point data (data points presented in Figure 5 ). It can be seen that, with lab data to tune the equation of state model to, excellent prediction of the acid gas phase behavior with the equation of state can be obtained. The untuned equation of state was highly deviant with several thousand kPa variance between the actual and predicted bubble and dew points. This illustrates the necessity of having a properly determined set of experimental phase envelope data to allow for accurate use of an equation of state to predict acid gas phase conditions. The EOS predicted a critical point for the acid gas mixture of 80.97°C at 9514 kPaa. For the 'pure' acid gas at pressures or temperatures above this, monophasic behavior was always observed for the acid gas mixture. At pressures and temperatures below this, the potential for two-phase formation exists.
Acid Gas Phase Behavior Measurements
Figure 6 provides a schematic of the physical property measurement equipment used in the study. Proper understanding of the viscosity, density and compressibility of the injected acid gas mixture as a function of temperature and pressure are essential for process design and volumetric calculations. Viscosities and densities predicted from equation of state correlations are usually significantly different than actual measured values for highly non-ideal acid gas mixtures. Hence, a limited suite of measured data is generally required. Table 3 summarizes the results of the acid gas viscosity, density and compressibility data over a range of pressures from 7000-30000 kPag and temperatures from 2°C to 80°C. Note the two-phase region intersection in the data set at 60°C, and the large difference in physical properties of the 'liquid' and 'vapor' phase in this region (which gives rise to the significant potential for immiscible flow and relative permeability effects).
Acid gases have very high and non-ideal solubility in water in comparison to hydrocarbon gases. Connate water saturations, which may be mobile or immobile, exist in almost any potential injection interval. Understanding the mass transfer of the acid gas into the in-situ water saturation is essential since, particularly in a wet injection/disposal zone, a large portion of the injected gas may ultimately end up being dissolved in the in-situ water phase. The high solubility of the acid gas in the water also causes the water saturation to 'swell' and reduces its density. Understanding all of these factors as a function of pressure at the proposed injection zone temperature are important from a volumetric perspective for calculating the ultimate storage capacity of the disposal zone. Table 4 summarizes the results of solubility tests conducted at 112°C between the acid injection gas in Table 1 and a typical carbonate formation brine of approximately 63500 ppm TDS. The solubility and formation volume factor data of Table 4 have been plotted and appear as Figures 7 and 8 respectively. Examination of this data illustrates the acid gas solubility in brine at 112°C increases rapidly at pressures up to near the critical pressure of the acid gas mixture (about 10000 kPag), then asymptotes with a maximum solubility value of over 33 m³/m³ of acid gas in the brine at 20000 kPag contacting pressure. The formation volume factor curve shows an inflection point near the acid gas critical pressure since, at this point, incremental solubility drops and as pressure increases, compression of the acid gas enriched water phase occurs, which tends to more than counteract any incremental swelling in the reduced solubility region above the acid gas critical pressure. In the authors' experience, this data set is reflective of many water-acid gas systems studied over the past several years.
Porous Media Displacement Tests
Test #1: Monophasic Injection at 20000 kPag and 69-82°C Temperature Range
To properly contrast the effects of multiphase injection, it is important to first examine a baseline acid gas injection scenario where only single phase injection and flow occurs. The equipment used for the acid gas injection tests is schematically illustrated in Figure 9 and photographically in Figure 10 . These experiments are run in the H 2 S isolation lab for safety and operational concerns. Table 5 summarizes the core and test parameters for the monophasic injection test. This sample represented a relatively low permeability (0.75 mD to air) intercrystalline dolomite of about 4.2% porosity. The reservoir is naturally fractured, which provides injectivity, but the low permeability matrix is the ultimate storage zone for the injected acid gas since fracture pore volume in the system is limited. Table 6 provides the measured viscosity data on the monophasic fluids used in the displacement test at 20,000 kPag at various temperatures. A range of temperatures was used in this test as variations in zonal depth over the range of potential injection/disposal wells caused significant differences in the disposal zone temperature. Table 7 provides detailed experimental data from the injection test. The permeability data of Table 7 have been plotted and appear as Figure 11 .
Examination of the data of Table 11 and Figure 7 indicates low initial in-situ permeability to watersaturated base nitrogen gas (used in this case to simulate the initial reservoir gas) at around 0.11 mD. The presence of both 51700 kPag confining overburden pressure and a 20% connate water saturation in the test sample reduce the initial permeability from the 0.75 mD unstressed routine 'air' permeability value reported previously. It can be seen that injection of the acid gas resulted in a rapid increase in permeability to about 0.30 mD. This is attributed primarily to the fact that, at 82°C and 20000 kPa, the acid gas is substantially undersaturated with water (only 0.05 mole %) and has a strong desiccating effect on the water saturation present in the plug. The dehydration (removal) of the majority of the 20% water saturation resulted in the majority of the substantial increase in permeability that is noted. Long-term injection of over 250 PV of acid gas at varying rates and temperatures, complete with an extended 48 hour shut in period, caused no subsequent substantial change in permeability (some evidence of possible slight fines migration was apparent at a rate increase from 6 to 12 cc/hr injection rate). The results suggest that, in a monophasic mode, low rate injection of dehydrated acid gas into this formation should not be problematic and that modest increases in long-term injectivity, due to localized dehydration effects caused by the undersaturated nature of the acid injection gas may occur. Table 8 summarizes the core and test parameters for the first multiphase injection test conducted in the study. A depleted, lower temperature zone was selected as the potential injection candidate for this test evaluation (same formation type as the previous monophasic injection test #1, but a separate sample). Initial reservoir temperature was 72°C and initial bottomhole pressure approx. 8777 kPag. At these conditions, the acid injection gas (Table 1) is clearly in a 'two' phase type condition ( Figure 5 ). To examine the injection of the 'vapor' and 'liquid' phase separately, a large volume of the raw acid injection gas was equilibrated at 72°C and 8777 kPag. The resulting equilibrium 'vapor' and 'liquid' phases were physically split apart into two separate injection cylinders while maintaining temperature and pressure conditions at the equilibrium level. Table 9 summarizes the measured viscosities of the various liquid and gas phases used during this test. The test procedure was as follows:
Multiphase Injection Test #1
1. Baseline high rate permeability to water-saturated nitrogen gas at 72°C and 8777 kPag 2. Low rate displacement of the nitrogen by watersaturated actual reservoir natural gas (corresponding to the composition of the in-situ gas phase expected to be present in the reservoir on point of initial contact with acid injection gas -composition summarized in Table 10 ).
3. Prepared equilibrium 'vapor' phase gas split from the pure acid gas at equilibrium conditions of 8777 kPa and 72°C was flooded into the reservoir gas-saturated core (to simulate the leading edge of gas injection).
4. Prepared equilibrium 'liquid' phase at 8777 kPag and 72°C split from the pure acid injection gas was then injected to simulate slugs of liquid expected to be coinjected with the vapor phase acid gas in the two-hase injection region.
5. Increase pressure to 13100 kPag injecting pure 'liquid' phase whole composition acid gas (Table 1) to simulate gradual pressurization of the reservoir.
6. Drop the pressure from 13100 kPag to 5000 kPag and inject single phase 'vapor' whole acid gas (Table 1) at these conditions to note the effect on permeability.
The results of the displacement test are summarized in Table 11 and the permeability data of Table 11 have been plotted and appears as Figure 12 . Examination of this data indicates the following interesting trends:
1. Initial water-saturated nitrogen permeability was substantially higher than water-saturated reservoir gas. This is attributable primarily to capillary end effects in the displacement test associated with the much higher rate and delta P used for the nitrogen displacement than the reservoir adjusted injection advance rate reservoir gas flood (which was matched in rate to be similar to the following acid gas injection stages). Both gases were water-saturated at the injection conditions which eliminated any issues with removal of the 20% initial connate water saturation by dehydration or desiccation effects during these test steps.
2. A huge reduction in initial permeability was noted upon the first injection of the upper 'vapor' phase acid gas into the reservoir gas saturated core at 8777 kPag and 72°C. The blending of the lean reservoir gas phase with the injected 'vapor' phase acid gas, coupled with the approximately 100 kPag pressure increase in the equilibrium gas phase due to displacement, appears to have caused some retrograde precipitation of liquid phase from the acid gas vapor phase. The accumulation of this liquid was observed to have a very large reducing effect on gas phase permeability. This effect was transient in nature and, as additional upper gas phase was injected, permeability gradually began to increase once again due to a combination of dehydration of the water saturation from the core (by the undersaturated, with respect to water content, acid gas phase), and the possible revaporization of some trapped retrograded liquid as the mixing zone between the acid injection gas and the original reservoir gas is displaced from the core. In the field, this mixing zone would simply propagate further into the matrix, likely resulting in longer-term deleterious injectivity reduction effects.
3. Transition to the 'liquid' phase acid gas at 8777 kPag and 72°C resulted in continued increases in permeability, likely due to continued dehydration effects on the connate water saturation.
4. Once pressure was increased and the injection fluid was switched to the pure liquid phase 'whole' acid gas at 13100 kPag and 72°C, large increases in gas phase permeability (about 500% over the reservoir gas baseline permeability of approx. 0.011 mD) were observed. Although dehydration may have some continuing contribution to this increase, the likely source of the majority of the rapid increase is likely the dissolution of the bulk of the remaining 'gas' phase into the injected liquid phase, resulting in the re-establishment of a monophasic condition at 13100 kPag and elimination of all, or the majority, of any remaining adverse acid gas 'liquid'-acid gas 'vapor' phase relative permeability effects in the porous media.
5.
A very large reduction in gas phase permeability from over 0.05 mD to less than 0.005 mD was observed when the pressure was dropped from 13100 kPag to 5000 kPag at 72°C. This resulted in a total transition through the two-phase envelope, and, in theory, all of the liquid phase existing in the core at 13100 kPag should have been converted to 'gas' phase at 5000 kPag at 72°C (according to Figure 5 ). However, it is readily apparent that a portion of the retrograded liquid, accumulated during the two-phase accretion and transition through the two-phase region in about the 9000 to 7000 kPag region, has remained trapped by capillary pressure forces in the pore system. Thermodynamically, in an open system in the absence of capillary forces, this would not be possible. The presence of capillary interfaces induced by the geometry of the tight pore system and the presence of an immiscible interface between the acid gas 'liquid' and 'vapor' phase appears to induce sufficient capillary differential between the bulk 'vapor' phase present in the core and a portion of the remaining liquid to allow co-existence of the two phases at a pressure considerably below the thermodynamic equilibrium level. This clearly demonstrates the effect of relative permeability affects associated solely with the presence of immiscible acid gas-based 'liquid' and 'vapor' phases. A pressure reduction of this type would not normally occur in field operations (as in general only monotonic increases in pressure would be apparent); however, the exercise was conducted in this test to provide an additional verification of the two-phase trapping and relative permeability effects present between immiscible acid gas based phases. Table 12 provides a summary of test parameters for multiphase injection test #2. This test was identical in procedure to multiphase test #1 conducted previously; the difference being that the core sample used for test #2 represented a very tight interval (air permeability about 0.12 mD) with an in-situ permeability about 10 times lower than observed in multiphase test #1.
Multiphase Injection Test #2
Performance was comparable to the first multiphase test, with the exception that the multiphase interference effects upon initial upper 'vapor' phase injection into the reservoir gas-saturated core were even more severe than in multiphase test #1, and resulted in almost a total sealoff of the injection capability of tight matrix until the lower phase injection commenced. This is consistent with the poor quality of the matrix and with more expected adverse capillary trapping forces and associated relative permeability effects in the much smaller pores present in test#2 in comparison to test #1.
CONCLUSIONS
This paper has presented a unique dataset of phase behavior and physical properties for an acid injection gas representing a composition typical of many Western Canadian acid gas injection/disposal operations. The complex phase behavior of the pure acid gas has been demonstrated, and the ability of an equation of state to accurately model the phase behavior, if sufficient lab data is available to tune the EOS model, has been demonstrated. A set of solubility data for acid gas in typical formation water has also been presented and the impact of this data on volumetric storage capacity has been discussed.
Three core displacement tests illustrate the potential deleterious effects of multiphase flow of acid gas mixtures in-situ in low permeability porous media. Large reductions in injectivity can be present if injection temperature and pressure conditions are such that 'liquid' and 'vapor' acid gas phases can split from the whole injected acid gas at bottomhole injection conditions. For most acid gases, it has been demonstrated that this generally occurs only when the target formation is relatively cool and underpressured.
The data illustrate clearly the importance and impact of acid gas phase behavior on injectivity, with near 100% reductions in apparent gas injectivity observed on a transient basis in some very low permeability matrix situations due to this effect. Understanding phase behavior of the acid gas (as a pure fluid as well as mixed with the existing disposal zone reservoir fluids) and, if the potential for two-phase flow at some time during the injection operation exists, the impact of this two-phase flow region on injectivity, is essential to ensuring the economic viability and success of an acid gas disposal operation. 
